Majorana zero modes are quasiparticle states localized at the boundaries of topological superconductors that are expected to be ideal building blocks for fault-tolerant quantum computing [1, 2] . Several observations of zero-bias conductance peaks measured in tunneling spectroscopy above a critical magnetic field have been reported as experimental indications of Majorana zero modes in superconductor/semiconductor nanowires [3] [4] [5] [6] [7] [8] . On the other hand, two dimensional systems offer the alternative approach to confine Majorana channels within planar Josephson junctions, in which the phase difference ϕ between the superconducting leads represents an additional tuning knob predicted to drive the system into the topological phase at lower magnetic fields [9, 10] . Here, we report the observation of phase-dependent zero-bias conductance peaks measured by tunneling spectroscopy at the end of Josephson junctions realized on a InAs/Al heterostructure. Biasing the junction to ϕ ∼ π significantly reduces the critical field at which the zero-bias peak appears, with respect to ϕ = 0. The phase and magnetic field dependence of the zero-energy states is consistent with a model of Majorana zero modes in finite-size Josephson junctions. Besides providing experimental evidence of phase-tuned topological superconductivity, our devices are compatible with superconducting quantum electrodynamics architectures [11] and scalable to complex geometries needed for topological quantum computing [9, 12] .
The Josephson junctions (JJs) studied in this work were fabricated from a planar heterostructure comprising of a thin Al layer epitaxially covering a high mobility InAs two-dimensional electron gas (2DEG) [13] . As a consequence of the highly transparent superconductor/semiconductor interface [14] , a hard superconducting gap is induced in the InAs layer [15, 16] . Selectively removing an Al stripe of width W 1 and length L 1 defines a normal InAs region, laterally contacted by superconducting leads, as shown in Fig 1a. Superconducting gaps ∆ exp(±iϕ/2) opening below the Al planes on the right-and left-hand side [17, 18] , respectively, confine low energy quasiparticles within the normal InAs channel. Owing to the strong spin-orbit interaction in InAs [13] , together with the lateral confinement, the JJ of Fig 1a is predicted to undergo a topological transition at high magnetic field B parallel to the junction [9] , with Majorana modes isolated from the continuum forming at the end points (crosses in Fig 1a) , similarly to conventional nanowires [19, 20] . Most strikingly, phase control offers an additional tuning parameter to enter the topological regime not explored so far. Biasing the JJ to ϕ = π was predicted to significantly reduce the critical magnetic field of the topological transition, and to enlarge its phase boundaries in chemical potential [10] .
Here we investigate planar JJs as that of Fig 1a as a function of B , chemical potential µ and phase difference ϕ. Phase biasing is obtained by embedding the JJ in a direct-current superconducting quantum interference device (DC SQUID) threaded by a magnetic flux [21] . A robust zero-bias peak (ZBP) exhibiting strong dependence on ϕ is measured via tunneling spectroscopy using a laterally coupled quantum point contact (QPC), as schematically shown in Fig 1a. The ZBP behavior is consistent with a Majorana mode in a finite-size topological JJ (see Extended Data Fig. 1) . Figure 1b shows a schematic of our device, which consists of a three-terminal asymmetric SQUID with two JJs, labeled 1 and 2, and a tunneling probe coupling to a normal lead on the top end of JJ1. Figure 1c shows an electron micrograph in the surrounding of JJ1. The junctions are characterized by Josephson critical currents I c,2 > I c,1 , such that the phase difference ϕ across JJ1 can be tuned from 0 to ∼ π by threading the SQUID loop with a magnetic flux Φ (generated by the out-of-plane field B ⊥ ) varying from 0 to Φ 0 /2, where Φ 0 = h/2e is the superconducting flux quantum (e is the electron charge and h the Planck constant). The SQUID is laterally connected to two superconducting leads that serve as ground and allow measuring the Josephson critical current of the interferometer (see Extended Data Figs. 10 and 11). The SQUID loop is obtained by a combination of deep wet etching on the semiconductor heterostructure and selective wet etching of the top Al layer. A HfO 2 dielectric layer is deposited over the entire sample for gate isolation, followed by lift-off of the Ti/Au gate structures. Top gates V 1 and V 2 control the chemical potential in JJ1 and JJ2, respectively. Split gates deposited at the top end of JJ1 form a QPC. In the tunneling regime, the QPC serves as spectroscopic probe revealing the local density of states of JJ1. The uppermost gate extends between the QPC gates and helps defining a sharp tunnel barrier when operated at a voltage V top ∼ 0. To ensure a hard superconducting gap in high parallel fields, the QPC gates additionally confine the 2DEG beneath the narrow Al leads [6, 7] (see Fig 1c) . We present data for a device with W 1 = 80, W 2 = 40 nm, L 1 = 1.6 µm and L 2 = 5 µm. The width of the superconducting leads is W S1 = W S2 = 160 nm for both JJs, and SQUID loop area ∼ 8 µm 2 . Data was reproduced for two additional devices with W 1 = 80 and 120 nm respectively and presented in Extended Data Figs. 7-9. Differential conductance G was measured in a four-terminal configuration by standard AC lock-in techniques in a dilution refrigerator with an electron base temperature of about 40 mK. Figure 2a shows G as a function of the bias voltage V sd and Φ at B = 0. The superconducting gap ∆(Φ = 0) 150 µeV periodically oscillates as a function of Φ and is reduced by approximately 50 % at Φ = (2n + 1)Φ 0 /2, where n is an integer. This behavior indicates phasecoherent transport through JJ1 generated by Andreev reflection processes [22, 23] at the interfaces between the bare 2DEG and the proximitized leads. The flux modulation of the whole continuum of states outside the gap is expected for JJs with narrow superconducting leads (W S1 ξ S , where ξ S = v F /π∆ ∼ 1.5 µm is the superconducting coherence length and v F is the Fermi velocity in the semiconductor), while the non-complete closure of the gap at Φ = (2n + 1)Φ 0 /2 is associated to the finite length L 1 of the junction (see Methods and Extended Data Fig. 1 for further details) .
As B is increased, discrete Andreev bound states (ABSs) enter the gap and move towards zero energy, as shown in Fig. 2b for B = 250 mT. These states have an asymmetric flux dependence, as expected for JJs with strong spin-orbit interaction in the presence of a Zeeman field [24, 25] .
For B = 525 mT a ZBP in conductance appears at Φ = (2n + 1)Φ 0 /2 (corresponding to ϕ ∼ π, see Fig. 2f ), while it vanishes when Φ is set to 2nΦ 0 , i.e. when ϕ = 0, as shown in Fig. 2c . As B reaches 600 mT the ZBP instead extends over the whole ϕ range, except at ϕ ∼ π where it moves to finite bias (Fig. 2d) . The state sticks at zero energy as the field is increased around ϕ = 0, while it splits and moves to higher energies at ϕ ∼ π. This behavior is observable for instance in Fig. 2e , in which the conductance shows a minimum at ϕ ∼ π while a bright zero-energy state extends over the rest of the phase range. The conductance line-cuts for ϕ ∼ π and ϕ = 0 at different values of B are shown in Figs. 2f and 2g , respectively. The full field evolution of the zero-energy state for ϕ = 0 is shown in Fig. 2h . Above B = 1 T the induced gap softens and the phase dependence of subgap states gradually disappears as the JJs of the SQUID reach the resistive state.
The observed behavior of the ZBP in field and phase is in good qualitative agreement with the calculated spectrum of a topological JJ with realistic parameters, as shown in Extended Data Fig. 1 . The calculated gapped zero-energy state is characterized by a Majorana wave function localized at the edges of the JJ (see Extended Data Fig. 1h ). The observed splitting at ϕ ∼ π is reproduced by the simulations and can be understood in terms of hybridization of the Majorana modes, since at this value of ϕ the induced gap is minimized and, as a result, the coherence length is maximized.
One of the most interesting features predicted for a perfectly transparent JJ is the significant expansion of the topological phase in magnetic field and chemical potential at ϕ = π [10] . We therefore investigated the stability of the ZBP, starting from its dependence on the gate voltage V 1 , which controls the chemical potential in JJ1. In order to explore efficiently our 4-dimensional parameter space, we recorded the third harmonic I 3ω (V sd ) of the current measured by the lock-in amplifier. As shown in the Methods and in Extended Data Fig. 6 ,
A ZBP in conductance is therefore identified by a positive value of I 3ω (V sd = 0), i.e., by a negative value of G (V sd = 0), which indicates a negative curvature around V sd = 0. The finite range of V 1 over which the ZBP is stable is explained by the narrow width W S1
ξ S of the superconducting leads, which effectively decrease the ratio between Andreev and normal reflection probabilities, thus reducing the size of the topological phase as a function of µ (see Extended Data Fig. 1a ). Although this geometry causes a deviation from the predicted behavior of a topological JJ, in our devices the finite width is necessary to guarantee a well-defined induced gap up to 1 T (see 
is the second derivative of the conductance at zero bias. A positive value of I3ω(V sd = 0) corresponds to a ZBP in conductance as a function of V sd .
Methods for further details).
The complementary study of the ZBP stability in Φ and B for different values of V 1 is shown in Fig. 4 . At This behavior is in qualitative agreement with the topological phase diagrams calculated for our system (see Extended Data Fig. 1a,b) . Furthermore, variations of V 1 evidently modify the amplitude of B c modulations, which can reach a maximum visibility
We note that the strong asymmetry in the phase dependence of the ZBP region observed at different values of V 1 is not fully captured by the numerical model and might be due to unintended asymmetries in the geometry of the etched superconducting leads. Lastly, we note that the ZBP is robust over a range of ∼ 70 mV in V qpc and in V top , which modify the above-gap conductance by approximately one order of magnitude, as shown in Extended Data Fig. 3 .
As another interesting test of the topological nature of the observed ZBPs, we performed spectroscopy as a function of the magnetic field B t applied in the plane of the 2DEG but orthogonal to the one dimensional channel defined by JJ1 (see Fig. 1b ). In this field orientation we do not observe any discrete state sticking at zero energy before the suppression of the induced gap, which occurs at B t ∼ 360 mT (see Extended Data Fig. 2 ). Finally, it is worth noting that a first-order topological transition is expected for a planar JJ in presence of strong parallel fields. This transition should manifest itself with a minimum of the Josephson critical current [26] when the Zeeman energy reaches a value comparable to the Thouless energy E T [10] . In our case, however, this limit cannot be reached since E T ∼ 2.8 meV is one order of magnitude larger than ∆. Experimentally, we observed periodic revivals of the Josephson current flowing through JJ1 as a function of B , with a periodicity correlated to W S1 (see Extended Data Fig. 11 ). We ascribe this behavior to trivial orbital effects of the in-plane magnetic field in the proximitized 2DEG underneath the superconducting leads [10] .
In summary, we have investigated phase-dependent ZBPs in tunneling conductance measured at the edge of a JJ patterned in a two-dimensional InAs/Al heterostructure. The critical field at which the ZBP appears depends on the phase bias and is minimal at ϕ ∼ π, as expected for a topological JJ. We studied the ZBP stability as a function of field B , phase ϕ and chemical potential µ, obtaining results qualitatively consistent with the topological phase diagram of a finite-size junction. Future material and design improvements might allow the investigation of JJs with W S1
ξ S , where the influence of µ is expected to be suppressed [10] . Together with our top-down fabrication approach, the phase tuning of topological channels would extremely simplify the realization of sophisticated network geometries required to implement topologically protected quantum devices.
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METHODS
Wafer structure. The wafer structure used for this work was grown on an insulating InP substrate by molecular beam epitaxy. From bottom to top, it is comprised of a 100-nm-thick In 0.52 Al 0.48 As matched buffer, a 1-µm-thick step-graded buffer realized with alloy steps from In 0.52 Al 0.48 As to In 0.89 Al 0.11 As (20 steps, 50 nm/step), a 58 nm In 0.82 Al 0.18 As layer, a 4 nm In 0.75 Ga 0. 25 As bottom barrier, a 7 nm InAs quantum well, a 10 nm In 0.75 Ga 0. 25 As top barrier, two monolayers of GaAs and a 7 nm film of epitaxial Al. The top Al layer has been grown in the same molecular beam epitaxy chamber used for the rest of the growth, without breaking the vacuum. This result in semiconductor/superconductor interfaces characterized by almost unitary transparency [16] . The two monolayers of GaAs are introduced to help passivate the wafer surface where the Al film is removed, and to make the sample more compatible with our Al etchant, which does not attack GaAs. The 2DEG is expected to mainly reside in the InAs quantum well, with the upper tail of the wavefunction extending to the Al film [13] .
Characterization performed in a Hall bar geometry where the Al was removed revealed an electron mobility peak µ = 43, 000 cm 2 V −1 s −1 for an electron density n = 8 × 10
11 cm −2 , corresponding to an electron mean free path of ∼ 600 nm. Characterization of a large area Al film revealed a critical magnetic field of 2.5 T when the field is applied in the plane of the 2DEG.
Device fabrication. . In a subsequent step, we patterned the Al SQUID by selectively removing the top Al layer with a wet etch (Al etchant Transene D) at a temperature of (50
• ± 1)
• C for 5 s. We then deposit on the entire sample a 15 nm thick layer of insulating HfO 2 by atomic layer deposition at a temperature of 90
• C. The top gate electrodes are deposited in two successive steps. First we define the features requiring high accuracy and deposit 5 nm of Ti and 25 nm of Au by electron beam evaporation. In a successive step we define the gates bonding pads by evaporating 10 nm of Ti and 250 nm of Au. Ohmic contacts to the InAs are provided by the epitaxial Al layer, which is contacted directly by wedge bonding through the insulating HfO 2 .
Measurements. Electrical measurements were performed in a dilution refrigerator with a base temperature of 15 mK with conventional DC and lock-in techniques using low frequencies (ν < 200 Hz) excitations. In order to measure the differential conductance G = dI/dV , an AC voltage bias of V ac = 3 µV, superimposed to a variable DC bias V sd , was applied to the top lead of the device (see Fig. 1b) , with one of the SQUID leads grounded via a low-impedance current-to-voltage converter. An AC voltage amplifier with an input impedance of 500 MΩ was used to measure the four terminal voltage across the device. Information about the second derivative of the conductance G (V sd ) = ∂ 2 G/∂V 2 | V sd was experimen-tally obtained by recording the third harmonic I 3ω (V sd ) of the current measured by the lock-in amplifier (model SR830, which allows to detect signals at harmonics of the reference frequency). Indeed, when a sinusoidal timedependent excitation V (t) = V sd + V ac sin(ωt) is applied to the device, the measured output current can be expanded in Taylor's series as:
Since [sin(ωt)] 3 = 1/4[−sin(3ωt) + 3 sin(ωt)], we obtain:
In order to increase the signal-to-noise ratio, the measurement of I 3ω (V sd ) was performed with an amplitude V ac of the excitation greater than the temperature-limited full width at half maximum of a Lorentzian feature, i.e., V ac > ∼ 3.5 k B T , where k B is the Boltzmann constant and T ∼ 40 mK is the electron temperature in our devices. The comparison between I 3ω (V sd ) and G (V sd ) is shown in Extended Data Fig. 6 .
The SQUID device was separately characterized. The SQUID differential resistance R = dV /dI was obtained by applying an AC current bias I ac < 5 nA, superimposed to a variable DC current bias I DC , to the superconducting leads of the interferometer, with the tunnneling probe closed and floating. The behavior of the Josephson critical current is shown in Extended Data Figs. 10 and 11.
We studied five devices characterized by different dimensions of JJ1. Devices 1 and 2 have W 1 = 80 nm and W S1 = 160 nm, device 3 has W 1 = 120 nm and W S1 = 160 nm, device 4 has W 1 = 80 nm and W S1 = 500 nm, whereas device 5 has W 1 = 80 nm and W S1 = 1 µm. All the devices were designed with L 1 = 1.6 µm, W 2 = 40 nm, L 2 = 5 µm and W S2 = 160 nm. In device 3 spectroscopy was performed by means of a QPC coupling JJ1 to a wide Al plane, following the approach of Refs. 6, 7 (see Extended Data Fig. 9 for further details). Results consistent with those presented in the main text were obtained in devices 1, 2 and 3, while in devices 4 and 5 the induced superconducting gap collapsed at B ∼ 200 mT without showing any robust ZBP. The behavior of devices 4 and 5 is consistent with the softening of the induced gap in low parallel fields observed below wide superconducting leads [15] .
Theoretical model. We model JJ1 of the measured device using the Hamiltonian [9, 10] written in the
where ψ ↑,↓ are the annihilation operators for electrons with spin up and down, σ and τ are the Pauli matrices acting in the spin and particle-hole basis, respectively with τ ± = (τ x ± iτ y )/2. Here, m * is the effective electron mass, µ is the chemical potential, α is the spin-orbit coupling strength of InAs, E Z = gµ B B /2 is the Zeeman field strength due to the applied magnetic field along the junction (y direction) and ∆ is the proximity-induced pairing potential. The proximity-induced pairing potential is taken to be nonzero in the 2DEG below the superconducting leads and zero in the junction, i.e.,
where ϕ is the superconducting phase difference between the two superconductors, W 1 and W S1 are the width of the junction and superconducting leads, respectively. The Zeeman field E Z is taken to be uniform throughout the system. Numerical simulations in this paper are done using experimental parameters: m * = 0.026m e [27] , α = 0.1 eVÅ [28] , ∆ = 0.15 meV, W 1 = 80 nm and W S1 = 160 nm.
Phase diagram. We study the phase diagram of the system as a function of the in-plane Zeeman field, phase difference across the junction, and chemical potential. In the limit of very wide superconducting leads (W S1 ξ S , where ξ S = v F /π∆ is the superconducting coherence length and v F is the Fermi velocity in the semiconductor), the topological phase transition depends on both the phase bias across the junction and the in-plane Zeeman field, with very weak dependence on the chemical potential [9, 10] . However, when the superconducting leads are narrow (W S1 ξ S ), we expect the phase diagram to have a stronger dependence on the chemical potential and a weaker dependence on the phase bias, due to strong normal reflections from the superconductor edges.
To obtain the phase diagram of the system, we perform numerical simulations by using the tight-binding version of the Hamiltonian [Eq. (3)]. We calculate the Z 2 topological invariant (Q = sign[Pf(H ky=π τ x )/Pf(H ky=0 τ x )]) [29] for an infinitely long junction. The calculated phase diagrams are shown in Extended Data Fig. 1a,b . The topological phase transition boundary, which separates the trivial region (Q = 1) at low Zeeman field from the topological region (Q = −1) at high Zeeman field, is marked by a gap closing at k y = 0. This topological transition corresponds to the transition between even (trivial) and odd (topological) number of subbands crossed by the Fermi level. For our case of narrow superconducting leads (W S1 ξ S ), the Z 2 topological phase diagrams are weakly dependent on the superconducting phase difference (see Extended Data Fig. 1a) . Extended Data Fig. 1a also shows that for junctions with narrow superconducting leads, the dependence of the topological phase diagram on the superconducting phase difference is stronger for the case where the chemical potential is in the regime where the topological transition happens at a smaller Zeeman field. The phase diagram as a function of superconducting phase difference and chemical potential is shown in Extended Data Fig. 1b .
Energy spectra and Majorana wave function. We calculate the energy spectra and Majorana wave functions by diagonalizing the tight-binding Hamiltonian for a finite-length system (L 1 = 1.6 µm). Extended Data Figures 1c-g show the energy spectrum of the system as a function of the superconducting phase difference for several values of Zeeman field strengths. The spectrum shows a modulation with respect to the superconducting phase difference where the bulk gap assumes its minimum value at ϕ = π. In the limit where the junction is infinitely long, the gap closes at ϕ = π. This can be understood as follows. For the case of narrow superconducting leads (W S1 ξ S ), electrons have to undergo multiple normal reflections from the edges of the superconductors before they can be Andreev reflected as it takes a length ≈ ξ S for electrons to feel the presence of a gap. As a result, electrons feel a gap which is the weighted average of the left and right superconducting gaps, i.e.,
where the term 2W S1 /(2W S1 + W 1 ) is the ratio of the superconductors width to the total width of the system. For a finite-length junction, the gap still has its minimum at ϕ = π but does not close at zero Zeeman field as shown in Extended Data Fig. 1c . The gap decreases with increasing Zeeman field strength and closes at ϕ = π when the Zeeman field strength becomes sufficiently large. Furthermore, when the Zeeman field strength exceeds the critical value at which the topological phase transition happens, Majorana zero modes will appear at the end of the junction. The Majorana zero modes first appear at ϕ = π and as the Zeeman field strength is increased further, they extend in phase and are present for all values of superconducting phase difference. Extended Data  Figs. 1h,i show the probability densities of the lowest energy wave functions (corresponding to Majorana modes) calculated using the experimental parameters of our system. As can be seen in the figure, for our system with a length of L 1 = 1.6 µm, in some parameter regimes the Majoranas are localized at the system end and are well separated from each other. The length of the junction L1 was assumed to be infinite in order to obtain a well-defined topological invariant, as described in the Methods. c-g, Calculated energy spectra as a function of ϕ for different values of the Zeeman energy. The spectra were obtained for the same parameters used in panels a and b, except for L1 = 1.6 µm. The chemical potential µ was set to 79.1 meV (corresponding to the blue curve in panel b). For the chosen parameters, the system undergoes a topological transition at EZ = 0.153 meV for ϕ = π and at EZ = 0.195 meV for ϕ = 0. The lowest energy subgap states are shown in red and indicate two Majorana zero modes at the edges of the junction in the topological regime. As a function of EZ these states first reach zero energy at ϕ = π and progressively extend in phase. At high values of EZ the Majorana modes oscillate around zero energy due to the finite size of our system which causes the Majorana wave functions to hybridize. This is particularly evident at ϕ = π, where the induced gap is minimized and the coherence length is maximized. h, i, Probability density |Ψ| 2 of the Majorana wavefunction calculated as a function of the spatial directions x and y in JJ1 for EZ = 0.26 meV and ϕ = 0, π. x is the coordinate in the width direction including the superconducting leads (W1 + 2WS1 = 0.4 µm, with x = 0 indicating the center of the junction), while y is the coordinate along the length of the junction. The Majorana wavefunctions are localized in the y direction at the edges of the junction when the lowest energy states in the spectrum are close to zero energy. In the x direction the Majorana modes are delocalized below the superconducting leads, due to our geometry having WS1 ξS. When a moderate parallel field is applied, the superconducting gap below the superconducting plane softens, creating a finite density of states at zero energy. This feature allows the Al plane to be used as an effective normal lead that can probe discrete states close to zero energy in the junction. At B = 250 mT, we can see a complete phase modulation of ∆, indicating that the Al plane gap is already soft (see panel b). As the field is increased, two ABSs move towards zero energy, forming a ZBP first localized at phase bias ϕ = π and then extending up to ϕ = 0, as shown in panels c-f. At higher fields, the induced gap collapses (panels g,h). The lower value of ∆ and critical field compared to that observed in devices 1 and 2 are presumably due to the larger width of the junction. [10] . The measurements were performed with the QPC and junction 2 pinched off.
